INTRODUCTION
============

High-dose chemotherapy followed by autologous haematopoietic stem cell transplantation (HSCT), aiming to reset the dysregulated immune system, is becoming an established means of treating refractory autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis, and systemic lupus erythematosus (Saccardi et al, [@b20]). However, few data are available regarding the specific changes in the immune system caused by HSCT, especially concerning the survival and re-expansion of T cell clones, which survive chemotherapy.

Several studies to characterize the changes in T cell receptor (TCR) repertoire after HSCT have been performed. The results of most reports indicate complete or nearly complete T cell repertoire 'renovation' and depletion of autoreactive clones (Alexander et al, [@b2]; Muraro et al, [@b17]), although some studies have indicated that pre-existing T cells can survive the conditioning regimen (Sun et al, [@b22]). However, in-depth comparative analysis of TCR repertoires before and after HSCT could not be performed, mainly because of the methodological limitations of the spectratyping and sequencing approaches employed for these studies (Rufer, [@b19]).

RESULTS
=======

To overcome these limitations, we have developed an optimized TCR beta amplification technique and employed massive sequencing using the 454 Genome Sequencer FLX (Roche). The Genome Sequencer is preferable for this task since it generates a large number of reads of approximately 300--500 bp in length that is sufficient to acquire a barcode, TCR J beta segment, CDR3 region, and a significant portion of the TCR V beta segment sequences, allowing us to distinguish even highly homologous V beta genes. The latter is crucial for the rational analysis of TCR repertoires, since the V beta gene segment determines the complementarity determining region 1 (CDR1) and CDR2, which contribute to the TCR specificity.

To provide unbiased and representative TCR beta amplification without distorting the natural abundance of TCR clonal sequences that closely reflects the abundance of the corresponding T cell clones, we have developed an optimized technique (Supporting Information [Fig 1](#SD1){ref-type="supplementary-material"}), which:

Starts from RNA to exclude rearranged but non-functional TCR beta genes that are strongly downregulated by the nonsense-mediated mRNA decay mechanism (Bhalla et al, [@b4]; Wang et al, [@b24]).Uses optimized TCR C beta-specific priming for cDNA synthesis, dramatically improving further amplification compared to oligo-dT or random hexamer priming.Exploits the reverse transcriptase template switching effect (Douek et al, [@b9]; Matz et al, [@b15]; Zhu et al, [@b25]) to generate a universal primer at the 5′ end of the TCR beta chain and thus allows unbiased amplification using a single pair of universal primers.Uses nested PCR to increase amplification specificity and step-out PCR (Matz et al, [@b15]) accompanied by the PCR-suppression effect (Siebert et al, [@b21]) to suppress products of non-specific primer annealing.Introduces oligonucleotides for subsequent sequencing and DNA barcodes during amplification to avoid inefficient ligation of DNA adapters (Supporting Information [Fig 1](#SD1){ref-type="supplementary-material"}).

The combination of these technical solutions allowed us to specifically and uniformly amplify a ready-for-sequencing, rearranged TCR beta gene fragment library within 23 PCR cycles, when starting with approximately 2 µg of total RNA obtained from peripheral blood mononuclear cells (PBMC) purified from a 2 ml blood sample, containing approximately 2 million T cells (see Supporting Information [Figs 1--3](#SD1){ref-type="supplementary-material"}, Supporting Information [Tables 1 and 2](#SD1){ref-type="supplementary-material"}, and Supporting Information 'Notes for details concerning technology development and verification').

To analyse massive sequence data, we have developed a special software, named TCRbase, that has several capabilities including: extraction of the CDR3 regions; correction of typical Genome Sequencer errors; identification of TCR V beta and J beta gene families; clustering and ranging identical sequences; *in silico* spectratyping and clonotyping within specific TCR V beta and/or J beta gene families; and, importantly, cross analysis of multiple datasets to search for identical or homologous nucleotide or amino acid CDR3 sequences (see Supporting Information [Figs 4 and 5](#SD1){ref-type="supplementary-material"} and Supporting Information 'Notes for software details').

This arsenal of tools was employed to perform the first deep, quantitative tracking of the fate of T cell clones in a 46-year-old patient with ankylosing spondylitis (a form of chronic, inflammatory arthritis) before and after autologous HSCT (see Supporting Information 'Notes for the clinical details'). Samples of peripheral blood were collected 1 week before as well as 4 months and 10 months after the procedure and TCR beta amplification performed as described above. From these samples, TCRbase extracted approximately 11,500, 14,500, and 19,500 valid TCR beta sequences from the two small sequence runs performed (1/16 of a PicoTiterPlate) (see Supporting Information Data 1 for the list of clustered clonal sequences, raw data are available at NCBI SRA database, study accession number SRP005664). The three sequence sets were further analysed using TCRbase, which revealed the following:

At least 250 T cell clones survived HSCT, and we believe that deeper analysis would reveal many more clones that survived the procedure. This striking result demonstrates that effectiveness of HSCT therapy is based on reprogramming of re-expanding T cells, but not on the physical elimination of the 'last autoimmune clone' (de Kleer et al, [@b7]) (Supporting Information [Table 3](#SD1){ref-type="supplementary-material"}).HSCT decreased overall diversity of T cell clones (Supporting Information [Fig 6](#SD1){ref-type="supplementary-material"}), while the number of 'hyper-expanded' clones (comprising \>1% of all TCR beta sequences) increased, leading to the propagation of specific TCR V beta gene families (Supporting Information [Fig 7](#SD1){ref-type="supplementary-material"}). The cumulative contribution of 'hyper-expanded' clones increased from 3% before to 26% after HSCT and remained at this high level for at least 10 months after HSCT ([Fig 1A](#fig01){ref-type="fig"}).A significant number of the clones, which survived the conditioning regimen, expanded after transplantation. Hence, most of the prominent expansions (Supporting Information [Table 3](#SD1){ref-type="supplementary-material"}) and as much as 40% of all T cells found after HSCT ([Fig 1B](#fig01){ref-type="fig"}) originated from the clones found before HSCT.Clones, which survived, established a new balance that was unexpectedly stable, as revealed by *in silico* analysis, which demonstrates that the spectratypes and clonotypes skewed by HSCT remained intact over the next 6 months ([Fig 2](#fig02){ref-type="fig"}). Restoration of a full TCR beta repertoire which would re-produce the previous diversity and the clonal expansions normally present in healthy subjects, would probably take years, especially given the low abundance of naive T cells observed in the patient blood after HSCT (Supporting Information [Fig 8](#SD1){ref-type="supplementary-material"}).At least some clones, which survived, expanded to provide specific immune defence early after transplantation. Using FACS sorting of T cells stained with an HLA-A2 MHC tetramer loaded with the immunodominant cytomegalovirus (CMV) peptide NLVPMVATV, we have identified two CMV-specific T cell clones that dramatically expanded after HSCT as shown by both mass sequencing ([Fig 2](#fig02){ref-type="fig"} and Supporting Information [Table 3](#SD1){ref-type="supplementary-material"}) and flow cytometry (Supporting Information [Fig 9](#SD1){ref-type="supplementary-material"}) analysis. Both clones displayed the same TCR beta amino acid sequence identical to the CMV-specific sequences previously reported in other patients (V beta 7-6, J beta 1-4, CDR3: CASSLAPGATNEKLFF) (Price et al, [@b18]; Venturi et al, [@b23]). Expansion of these CMV-specific clones is consistent with clinical studies reporting the activation of persistent viral infections after HSCT (Afessa & Peters, [@b1]).Stably expanded T cell clones have a high chance of surviving transplantation. Earlier, we described 11 T cell clones that were stably expanded in the peripheral blood of this patient for at least 3 years (Chkalina et al, [@b5]; Mamedov et al, [@b14]). Remarkably, all of these clones survived HSCT, although expansion of most of them was significantly suppressed (Supporting Information [Tables 3 and 4](#SD1){ref-type="supplementary-material"}).Strikingly, more than 100 of the TCR beta CDR3 amino acid sequences from this one patient are 100% identical to CDR3 variants already referenced in the NCBI protein database (see Supporting Information Data 2 for the list of identified matches). Thus, despite the huge potential diversity of TCRs in humans (\>10^15^, Davis & Bjorkman, [@b6]), the TCR sequence pool recognizing key antigenic peptides can appear to be rather restricted, at least in subjects sharing the same Class I MHC alleles.

![Fate of the T cell clones that survived HSCT\
Each pie graph represents the total amount of TCR beta sequences obtained from a corresponding blood sample. Each slice represents the share of a clonal sequence or a group of clonal sequences, thus corresponding to abundance of specific T cell clones.\
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DISCUSSION
==========

This work is the first deep analysis of the fate of clonal T cell populations after HSCT. It provides objective data to clarify the consequences of HSCT, which could previously only be assumed, and suggests the directions for further longitudinal studies of T cell repertoire and optimization of HSCT protocols. Importantly, intensive myeloablative regimens preceding HSCT were initially developed to eradicate tumour cells, which is critical for the successful treatment of malignant diseases (Dingli & Michor, [@b8]). However, satisfactory therapeutic effects using milder pre-transplant regimens were demonstrated for the treatment of autoimmune diseases (Hugle & van Laar, [@b12]). In our case, complete remission was observed for at least one year in spite of the fact that multiple T cell clones survived the procedure. On the other hand, although specific clones required to resist persistent infections and activated following immunosuppressive chemotherapy may successfully expand, as shown by the example of CMV-specific clones, the long term efficiency of adaptive immune response decreases (Kunisaki & Janoff, [@b13]). Thus, our data support the concept that chemotherapy regimens for the treatment of autoimmune diseases should be significantly moderated, both to reduce the toxicity of treatment and to preserve the clonal diversity of immune cells, which is otherwise dramatically altered.

The evolution of HSCT therapy protocols will require further studies of TCR repertoires before and after HSCT in order to understand the fate and the role of T cell clones in more detail. In particular, the fate of various subpopulations of T cells, including regulatory T and Th17 cells, is of significant interest. In addition, it is important to study whether changes in the T cell repertoire are dependent on different graft manipulation protocols, such as CD34^+^-positive selection or negative purging of lymphocyte subsets by monoclonal antibodies (Farge et al, [@b11]; Moore et al, [@b16]). While it was shown that CD34^+^-selected grafts do not contain large amounts of T cell clones after HSCT (Dubinsky et al, [@b10]), CD34^+^-positive selection was not performed in our case, and thus re-infusion of T cell clones with the autograft cannot be excluded.

Mass sequencing comparing TCR repertoires from a large number of healthy and diseased individuals, along with the progress in the analysis of TCR specificity (Bakker & Schumacher, [@b3]), should lead to the identification of common CDR3s that are generated in response to particular pathogens or to peptides from autoantigens. Along with the rapidly increasing cost efficiency of mass sequencing, these approaches might allow single-step diagnosis of particular infectious and autoimmune diseases, as well as deciphering an individual\'s history of diseases and vaccinations.

The paper explained
-------------------

PROBLEM:

Autologous haematopoietic stem cell transplantation (HSCT) is successfully used to treat severe autoimmune diseases, but the mechanisms, by which it resets the dysregulated immune system, remain poorly understood.

RESULTS:

In this work, we report an optimized TCR profiling technology based on 454 massive sequencing and use it to track the fate of T cell clones at three time points: before, 4 months after and 10 months after high-dose chemotherapy and HSCT. We directly demonstrate that multiple T cell clones survive transplantation and that some of them expand and fight infection early after HSCT. We observe that, by 4 months after HSCT, a new balance is formed between the clonal T cell populations, which then remains stable at least for the next 6 months. Interestingly, we show that multiple TCR beta CDR3 amino acid sequences from one patient can be identical to CDR3 variants found in other patients, indicating that the actual TCR sequence pool recognizing key antigenic peptides can be rather restricted, in spite of their huge potential diversity.

IMPACT:

We anticipate that our work will intensify studies of human TCR repertoires and optimization of HSCT regimens aimed to reduce their toxicity and to improve long-term outcomes.

MATERIALS AND METHODS
=====================

HSCT
----

The study was approved by local ethical committee. Patient gave written informed consent prior to enrolling in the study. Stem cells were mobilized with G-CSF (10 µg/kg b wt.). A 'Haemonetics MCS' instrument was used for autologous stem cells aphaeresis. CD34^+^-positive selection was not performed. The patient received 200 mg/kg of cyclophosphamide over 4 days with autologous blood stem cells for rescue and infusion of antithymocyte globulin (ATG) for *in vivo* T cell depletion. On day 0 (June 6, 2009), the patient received 2.4 × 10^6^ kg b wt. CD34^+^ stem cells, the number of which was determined by counting total number of cells and FACS analysis of an aliquot of cells using a CD34-specific antibody. No life-threatening events occurred during transplantation. Post-transplant toxicity included neutropenia with neutrophil count \<0.5 × 10^9^/L (from day +2 to day +9); thrombocytopenia, with thrombocyte count \<50 × 10^9^/L (from day +2 to day +12); fever (from day +4 to day +5); and stomatitis.

Flow cytometry
--------------

PBMCs were isolated from the peripheral blood samples by Ficoll-Paque (Paneco, Russia) density gradient centrifugation. Cells were washed twice with PBS and resuspended to a density of approximately 10^6^ cells/ml. Cells were incubated with antibodies or MHC tetramer for 20 min at room temperature or at +8°C and washed twice with PBS. Phenotypic cell analysis was performed using a Cytomics FC 500 (Beckman Coulter) flow cytometer. Data were analysed using the program Cytomics RXP Analysis (Beckman Coulter).

Antibodies
----------

Cells were stained with the following mouse anti-human antibodies: CD3-PC5 (clone UCHT1, Invitrogen), CD4-PC5 (clone S3.5, Invitrogen), CD8-FITC (clone YTC 182.20, Abcam, UK). The remaining antibodies were purchased from Beckman Coulter (USA): CD45RA-FITC (clone 2H4LDH11LDB9), CD27-PC5 (clone 1A4CD27), TCR-VB1(VB9)-PE (clone BL 37.2), TCR-VB7(VB4-1)-FITC (clone ZOE), TCR-VB16(VB14)-FITC (clone TAMAYA 1.2), CD8-PC7 (clone SFCI21Thy2D3).

Identification of CMV-specific T cell clones
--------------------------------------------

PBMCs were incubated with CD8-specific antibody and MHC tetramer for 20 min at room temperature in PBS Ca^2+^, Mg^2+^ free/1 mM EDTA/1% BSA with added DNaseI (Promega, USA) and sorted on a MoFlo cell sorter (DakoCytomation, USA). RNA was extracted using TRIZOL reagent (Invitrogen). Fifty cloned TCR beta chains were sequenced.

Preparation of sample for mass sequencing
-----------------------------------------

PBMCs were isolated by Ficoll-Paque (Paneco, Russia) density gradient centrifugation from fresh peripheral blood samples. RNA was isolated using Trizol reagent (Invitrogen, USA) according to manufacturer protocol. First strand cDNA was synthesized over a period of 2 h using Mint cDNA synthesis kit (Evrogen, Russia) and the specific primer BC1R, which binds to both constant regions of the human TCR beta transcript. Plug oligo (Evrogen) was added after the first 30 min of synthesis. The PCR amplification protocol was as follows: 94°C for 20 s; 65°C for 20 s; and 72°C for 50 s, 16 cycles. The PCR mixture (25 µl) contained 1× PCR buffer for Encyclo polymerase (Evrogen), 0.125 mM of each deoxyribonucleotide triphosphate (dNTP), 10 pmol of primers M1 and BC2R, 0.5 µl of Encyclo polymerase mix, and 1 µl of undiluted first-strand cDNA. After the first PCR step, the product was diluted 20× and 1 µl was used in the second 25-µl PCR reaction. This PCR reaction contained 1× PCR buffer, 0.125 mM of each dNTP, 10 pmol of each of the primers B-M1 and A-MID1-BC3R for the pre-HSCT sample, primer A-MID2-BC3R for post-HSCT sample, and B-MID3-BC3R, B-MID5-BC3R, B-MID6-BC3R for the 10 months post-HSCT sample along with 0.5 µl of Encyclo polymerase mix (Evrogen). The amplification protocol was as follows: 94°C for 20 s; 68°C for 20 s; and 72°C for 50 s, 12 cycles. After the second PCR, the amplicons were purified by agarose gel electrophoresis using a DNA gel extraction kit (Cytokin, Russia). The purified amplicons were collected, re-amplified for additional two cycles to polish the ends, and finally purified with QIAquick PCR purification kit (Qiagen, USA). Sequencing was performed using a Genome Sequencer FLX using a GS Em PCR Kit II (Roche Applied Science). For the oligonucleotides used, see Supporting Information [Table 2](#SD1){ref-type="supplementary-material"}.
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